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ABSTRACT
THE EFFECTS OF SALINE SOIL ON MICROBIOME AND THE ISOLATION OF
ROOT-ASSOCIATED MICROBES TO RELIEVE SALINITY STRESS
DUNCAN JAKUBOWSKI
2021

Increasing levels of salinity in once-viable lands for crop production is a serious and
growing problem in the Northern Great Plains. The objectives of this study were to
determine the effects of saline soil on the microbial composition of plant roots and bulk
soil, to measure metabolic changes in plant roots from saline soil, to determine the
viability of root-associated microbes as inoculants to increase stress tolerance in plants, as
well as determine the impact of saline soil on nitrogen cycling genes linked to greenhouse
gas production. This study hypothesizes that high soil salinity levels have a significant
impact on the microorganisms found within roots and bulk soil, root-associated microbes
can be used to improve salt stress tolerance in plants, and soil salinity increases genes
responsible for greenhouse gases related to the nitrogen cycle.
This study supports that levels of specific metabolites can vary significantly from
samples gathered in roots from saline soil and productive soil. This is confirmed through
a significant 4.4-fold change of the regulation of pantothenate (P=0.004). The methods
from which these data were generated can be used in future studies to find the
metabolomic differences in plants undergoing abiotic stress from salinity. The
microbiome analysis proved that there are significant differences in alpha diversity, beta
diversity, and overall taxa within both root and bulk soil samples between saline and
productive soil environments. Approximately 100,000 bacterial and fungal taxa were
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identified within the gathered samples. An analysis of composition of microbiome
(ANCOM) was done to each sample set which resulted in the discovery of nearly 100
differentially abundant species present in saline soil. These differentially abundant
species could have plant growth promoting capabilities as well as give an indication of
improved soil health through phytoremediation. Some of the taxa that were differentially
abundant in saline soil include taxa known to promote plant growth during abiotic stress
such as Halomonas and Sphingomonas. There was also a decreased amount of
differentially abundant taxa in saline soil belonging to ascomycetes, which are known
fungal pathogens. The information provided from the ANCOM between two consecutive
years may indicate signs of phytoremediation by an increase in fungal taxa known to
promote plant growth. These data provide a baseline for future experiments using
microbial inoculants and root-associated microbes to enhance phytoremediation and plant
growth. Additionally, the root-associated microbe inoculation portion of this study
involved the isolation of eight bacterial species from a sample of creeping meadow
foxtail (Alopecurus arundinaceus) grown in saline soil. These bacterial species were used
as inoculants on buckwheat (Fagopyrum esculentum) challenged with a 0.2M NaCl
solution. Two of the eight species showed significant improvement in the germination of
the buckwheat seeds. Only 5.33% of control buckwheat seeds germinated under the
saline stress, however; the two effective inoculants improved germination percentage to
38.67% and 45.95% (P=0.0002). The results show the promise behind using isolated
root-associated microbes as inoculants to improve seed germination in stressful saline
conditions. The last experiment in this study was done to identify the negative effects
saline soil can have on the environment. This study involved the use of qPCR to identify
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changes in concentrations of genes involved in the nitrogen cycle in samples gathered
from saline and productive soil. Overall, five nitrogen cycling genes were tested in this
experiment: nirS, nirK, nosZ, CrenamoA, and Bac-amoA. This study revealed that the
nirS gene, which is responsible for the release of nitrous oxide (N2O), which is an
important greenhouse gas, increased in saline soil by 42-folds compared to that from
productive soil. (P=0.03). The gene responsible for the reduction of N2O, nosZ, was not
significantly higher in saline soil (P=0.3). These results indicate that the level of N2O
released into the air is likely caused by increased N2O in saline soil.
The results of these studies support the hypothesis of the study and provide helpful
information for the research determining the effects of saline soil. Understanding the
impact of saline soil on plant growth as well as the effects on the microbiome present is
crucial to understanding how to reduce the effects of salt stress on plants. The results
provide background knowledge and starting points for future studies on phytoremediation
of saline soil and provide evidence on specific interactions and effects of salt stress and
saline soil.
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1 Literature Review
Preface
South Dakota alone has 19.8 million acres of cropland and is one of the top ten producers
of sunflower, oats, wheat, soybeans, and more (https://sdda.sd.gov/office-of-thesecretary/Photos-Publications/2019%20Common%20Thread.pdf).
The productivity in the Northern Great Plains makes up 25% of the total farmland in the
United States (https://www.climatehubs.usda.gov/hubs/northern-plains/topic/focuscroplands-northern-plains). Each growing season farmers face a wide range of biotic and
abiotic factors that can inhibit the growth of the crops up to 100%. Biotic stressors
include living things that can impact the growth of plants. These stressors can include
pathogens, herbivores, rodents, and insects (Dorantes-Acosta, Sánchez-Hernández, &
Arteaga-Vazquez, 2012). Abiotic stressors towards plants can include drought, flooding,
temperature, and soil content (M. He, He, & Ding, 2018; Zhu, 2001) which can all
negatively impact the growth of crops in what was once viable soil. An abiotic issue that
is steadily rising in the Northern Great Plains is the increasing amount salinity levels of
soil
(https://www.nrcs.usda.gov/wps/portal/nrcs/detail/sd/technical/landuse/cropland/?cid=nrc
s141p2_036592). This problem is becoming more common in developed countries where
intense and extensive agricultural practices have continually occurred (Yamaguchi &
Blumwald, 2005). Saline soil levels are also increasing due to extreme weather events
caused by climate change (Mukhopadhyay, Sarkar, Jat, Sharma, & Bolan, 2021). This
issue is necessary to overcome because, without a solution, the Northern Great Plains
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crop production will likely decline due to the increasing salinity levels which negatively
impact plant growth (Franzen, 2003).

Effects of Saline soil in the Northern Great Plains
Abiotic stressors in crop production can have a great impact on the success of a farmer’s
season concerning crop production. If there are droughts in the area, the farmer may not
be able to successfully grow any crops, which could be detrimental ((Reddy, Chaitanya,
& Vivekanandan, 2004). Another abiotic stressor that can have a similarly devastating
impact on crop production is an increased saline salinity level (Shrivastava & Kumar,
2015). Elevated salt in soil decreases osmotic pressure and could potentially contribute to
the loss of up to 50% of farmable land by the year 2050 (Maggio, De Pascale, Angelino,
Ruggiero, & Barbieri, 2004; W. X. Wang, Vinocur, & Altman, 2003).
The increased level of salinity in the soil disrupts the homeostasis of the plants,
which causes damage, inhibits growth, and can even cause the plant to die (Zhu, 2001).
This destruction is caused by the effect the salt has on the surrounding soil. Sodium
chloride salt has the largest effect on the soil it is in (Flowers, Munns, & Colmer, 2015),
and is the most prominent salt in the soil samples collected in this study. The sodium
changes the soil texture, decreasing porosity and aeration, and increasing dispersion,
making the soil denser (Mahajan & Tuteja, 2005). The decreased porosity makes it so
that less water can travel freely through the soil, imitating the effects of drought (Mahajan
& Tuteja, 2005). Not only does increased salinity decrease porosity and aeration, but it
also reduces the uptake of important nutritional minerals responsible for successful plant
growth (Grattan & Grieve, 1999). The increased level of sodium in the soil, which is
taken up by the roots, causes a plant's metabolomic process to decrease and decreases a

3
plant's ability to properly perform photosynthesis (Deinlein et al., 2014). The
combination of factors resulting from an increased soil salinity is detrimental to the
successful production of crops in the Northern Great Plains. It will likely be impossible to
produce a large enough yield in the future if the effects of highly saline soil are not
mitigated (Shrivastava & Kumar, 2015).
Soil with increased salinity levels not only impacts crop production but can also
have a negative impact the quality of air in the environment through the production of
greenhouse gasses (Ghosh, Thapa, Desutter, He, & Chatterjee, 2017). Increased soil
salinity has an effect on the amount of nitrogen present in the soil and the nitrification
process (Akhtar et al., 2012). The gasses produced within the soil eventually enter into
the atmosphere (Schmidt, Seiler, & Conrad, 1988). Increased salt levels in soil need to be
addressed not only due to the impact on crop production but also to halt any issues
impacting air quality caused by saline soil. The greenhouse gas emissions expedite
climate change, which indirectly increase the levels of soil salinity because of the
extreme weather conditions produced (Mukhopadhyay et al., 2021). This is a vicious
cycle that needs to be slowed down. It is hypothesized that increasing areas of saline soil
would cause greenhouse gas emissions levels within the Northern Great Plains to rise,
which would have a negative effect on the surrounding population and environment.

Current methods to combat soil salinity
There are currently some suggested methods to remediate soil salinity levels, which
include installing drainage, applying gypsum, and leaching with higher water quality
(Glenn, Brown, & Blumwald, 1999). Although these systems may work periodically,
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they are not permanent solutions. Depending on the situation these methods are used in,
the treatments can be very ineffective and even make the situation worse (Birru et al.,
2019). An increasingly practiced partial remedy to decrease erosion, which can help
combat soil salinity, is being promoted in the farming community. This is referred to as
“No-Till” (McGregor & Mutchler, 1992). The South Dakota Soil Coalition is advising
farmers to convert to a “No-Till” method of farming. This method is not widely adopted
because crop production can be reduced for an unspecific time period until the soil
naturally achieves better health (McGregor, Cullum, & Mutchler, 1999). The lack of
effectiveness of current practices to manage and overcome the impact of soil salinity
requires a new method to emerge.
A tactic with fewer negative side effects and better results is the use of biological
endophytes and root-associated microbes to combat soil salinity and increase crop
production. Soil houses a vast number of both fungal and bacterial species within itself.
Studies show the number of species 8.3 million species of soil in a ten-gram sample
(Gans, Wolinsky, & Dunbar, 2005). There are so many species present within the soil
around the world that only approximately 5% of all species have been cultured (Mendes,
Garbeva, & Raaijmakers, 2013). These species mainly aid in the productivity and health
of the plant species they surround (Turner, James, & Poole, 2013). The rhizosphere of
soil develops a relationship with the plant roots which establish the root microbiome
(Berendsen, Pieterse, & Bakker, 2012). Plants have the ability to tailor their surrounding
rhizosphere microbiome to satisfy their needs which are typically related to a stress
response. (Berendsen et al., 2012) From the root microbiome, specific bacteria and fungi
will develop a symbiotic relationship with the plant, resulting in establishing life within
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the plant cells (Wilson, 1995). These specifically tailored endophytes may have the
ability to counter stress caused by saline heavy soils in the Northern Great Plains.

Root-Associated microbes as a solution to salt stress
An endophyte is a root-associated microorganism that is found living within the tissue of
every single plant (Strobel & Daisy, 2003). Due to the massive number of endophytes
present in plant tissue around the world, it is hypothesized that a percentage of these have
plant growth-promoting capabilities. Not only do endophytes promote plant growth but
they have the potential to remove pathogens and suppress contaminants (Rosenblueth &
Martinez-Romero, 2006). A solution is needed to reduce the amount of unfarmable land
due to saline levels that are too high to produce crops. Plant growth-promoting
endophytes are a natural and effective remedy for this. Fungi and bacteria that have plant
growth-promoting characteristics do so within the chemical and molecular regulation of
the plants (Pieterse et al., 2014). These specific fungi and bacteria with these
characteristics can help up-regulate specific hormones and metabolites that are needed for
successful growth in adverse conditions (R. Shahzad et al., 2017). The inoculation of
plants with plant growth-promoting endophytes can be an ecologically friendly and
effective way to increase crop production in the Northern Great Plains.
Plant growth-promoting endophytes are initially unknown until they are isolated,
and their properties are tested. The endophytes can be isolated in various ways, the most
common involving grinding of plant tissue and then plating on nutrient agar plates
(Zinniel et al., 2002). Once the tissue is plated, endophytic bacteria and fungi will grow
from the tissue onto the nutrient agar. Separation and isolation of the cultures will then
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occur in a standard fashion. Process of elimination needs to occur in order to find specific
and individual cultures that have plant growth-promoting properties, either through
preliminary trials or random selection (Rubio, Whitehead, Larson, Graham, & Rodriguez,
2008; Zinniel et al., 2002). Many endophyte derived species of both bacteria and fungi
have been shown to improve stress tolerance in various plants (Ma, Rajkumar, Zhang, &
Freitas, 2016; Rashid, Charles, & Glick, 2012).
In order to gain access to the benefits of endophytic species, plants or seeds need
to be inoculated with the respective fungi or bacteria. Some of the more common plant
and seed inoculation methods include inoculation via immersion (Gonzalez-Garcia et al.,
2019) and mixing the inoculum right into the soil (Garbaye, 1994). These endophytes
with plant growth-promoting properties change the way the plant lives in its environment,
in a number of beneficial ways. Certain species of bacteria and fungi can produce
exopolysaccharides which can bind to the sodium present within the soil, which reduces
the negative impact the sodium has on the plants. (Ashraf, Hasnain, Berge, & Mahmood,
2004). Endophytes also have the ability to increase the production of antioxidants
enzymes (Fu, Liu, Ding, Lin, & Guo, 2010), which are believed to be a key factor in the
alleviation of salt stress in plants. Different plant growth-promoting endophytes also have
the ability to produce chemicals such as gibberellic acid, which is a hormone commonly
produced in plants. When endophytes produce this hormone in excess, it promotes the
germination of seeds (Finch-Savage & Leubner-Metzger, 2006). This gibberellic acid can
give the seed the necessary stimulation to germinate in an environment unsuitable for
normal growth (Sgroy et al., 2009), such as environments with heavy salt stress, like the
Northern Great Plains. One other mechanism behind the positive effect of
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microorganisms includes the increase of osmolytes within the plant cells. Osmolytes can
act as chaperones and reduce the negative effect of reactive oxygen species (Sharma et
al., 2019). Regardless of how bacteria or fungi are providing stress alleviation to
favorable plants in the Northern Great Plains, they can do so effectively and in an
ecologically friendly way.

Justification of study
The percentage of soil within the Northern Great Plains being impacted by problematic
levels of salinity is creating multiple negative impacts ranging from environmental to
economic issues. Without an effective remedy, this issue can continue to dramatically
disrupt crop growth in this agriculturally important geographic location (Franzen, 2003).
Current salinity management techniques are not effective enough to eliminate the worry
of saline soil (Birru et al., 2019; Glenn et al., 1999). For this reason, a new and more
effective strategy for managing and dealing with saline soil is necessary.
A strategy that will not negatively impact neighboring areas is also important to the
success and adoption of the treatment. The management of saline soil using rootassociated microbes is an excellent option for the remediation of salt stress in the
Northern Great Plains. In this study, the metabolomic differences of bulk soil, plants
grown in different soil types, as well as the microbial composition of these plants’ roots
will be thoroughly analyzed in order to determine the positive effects of endophytes.
Bacterial isolates extracted from plant roots grown in saline soil will be tested to prove
their plant growth-promoting effects during stressful saline conditions. The findings of
my research will help the scientific community further understand the differences in
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microbial composition and uses of root endophytes, as well as help farmers in the
Northern Great Plains who are seeking a new and highly effective strategy for dealing
with saline soil.

2 Analysis of the effects of salinity on microbiome, metabolites,
and the environment as well as the use of endophytes as
inoculants to reduce salt stress
Introduction
Saline soil has a large impact on numerous factors including plant growth, soil quality,
and greenhouse gas emissions (Ghosh et al., 2017; Mahajan & Tuteja, 2005; Zhu, 2001).
With the use of technology and experimentation, some of these effects were analyzed and
quantified. The analysis and identification of microbial species contained within a plant's
root microbiome and bulk soil are crucial to determining the effect and role the microbial
species have on the stress tolerance of a plant. Non-culture based methods of using
throughput sequencing can identify members of a plant microbiome involved in stress
tolerance.
Plants can form a spectrum of symbiotic to pathogenic relationships with the
bacterial and fungal species surrounding and penetrating their underground tissues,
termed as root-associated microbiome. The microbial species penetrating root tissue are
referred to as endophytes (Strobel & Daisy, 2003). They can symbiotically provide for
the plant as the plant provides for the microbe (Strobel & Daisy, 2003). Rhizosphere
microbes are microorganisms that live within the rhizosphere of soil and can benefit the
growth of plants (Berendsen et al., 2012).
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Due to multiple possible mechanisms, plants can show signs of increased stress
tolerance using the beneficial properties of both rhizosphere and endophytic relationships
(Qin, Druzhinina, Pan, & Yuan, 2016). Rhizosphere microbes are beneficial to a plant in
various ways which include biofertilization, rhizoremediation, phytostimulation, and
stress control (Lugtenberg & Kamilova, 2009). Stress control mechanisms rely on the
production of osmolytes, reactive oxygen scavengers, and the production of beneficial
hormones such as gibberellic acid (Backer et al., 2018; Sgroy et al., 2009).
The microbial composition of a plants surrounding soil could be the key to confer
the effect a plant's microbiome can have on its response to stress tolerance in plants, such
as salt stress tolerance. Using this information, new hypotheses can be made regarding
the makeup of a plant's microbiome and the impact these microbial species have on the
success of a plant. These results from the studies will provide further direction for future
studies pertaining to the manipulation of the microorganisms with bulk soil and rootassociated rhizospheric microorganisms.
Plants have the ability to control various chemical pathways within their structures
and are controlled by, and produce, small molecules called metabolites. Metabolites can
be intermediates or the end product of certain pathways. These pathways and the
metabolites that are used within them are responsible for many roles within a plant which
include growth, signaling, structure, stress tolerance, and more (S. C. Wang, Alseekh,
Fernie, & Luo, 2019). This portion of the study aims to identify whether or not there are
differences in metabolic presence in plants gathered from different soil environments.
Metabolites such as isoprenoids, proline, and jasmonic acid all have the ability to reduce
salt stress (Ganjewala, Kaur, & Srivastava, 2019; Rajendrakumar, Reddy, & Reddy,
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1994; A. N. Shahzad et al., 2015). Using a gas chromatograph mass spectrometer, the
regulation of specific metabolites can be compared. This comparison will allow for the
identification of specific metabolites that may have increased or decreased their presence
in plants. This regulation could be the cause of a plant's success when growing in adverse
conditions such as soil with high salinity levels. The identification of different
metabolites that have an impact on plant growth, such as isoprenoids which have the
potential to alleviate abiotic stress in plants (Ganjewala et al., 2019), will help to
understand what is happening to the plants internally to allow them to grow in adverse,
abiotically stressful conditions.
After determining the effects saline soil has on microbial composition and
metabolic regulation of plants, it is important to understand how growth can be improved
using this information. It was hypothesized that extracted endophytes and root-associated
microbes can improve salt stress through mechanisms involving the production of
hormones, osmolytes, reactive oxygen species, and more. Through culturing methods
endophytes and root-associated microorganisms can be isolated, but the number of
isolates may vary (Costa, de Queiroz, Borges, de Moraes, & de Araujo, 2012). The
positive effect of these cultured microorganisms can be tested through the use of the
microorganisms as inoculants. When isolating bacteria and fungi, through replicated
comparisons, plant growth-promoting properties can be determined. Due to the amount of
significantly different bacterial species found within plant roots gathered from saline soil,
the hypothesis was made that certain bacteria isolated from the roots have the potential to
reduce salt stress and improve the growth of an inoculated plant. This hypothesis was
tested using buckwheat (Fagopyrum esculentum) seeds. This species was chosen for
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multiple reasons, primarily that, buckwheat is an effective cover crop that can be used for
beneficial agriculture purposes such as producing biomass, increasing soil organic matter,
and suppressing weeds (Creamer & Baldwin, 2000). Buckwheat also showed positive
indications in previous personal experiments regarding salt stress tolerance. The ability to
increase the salt stress tolerance of buckwheat would benefit the agricultural community
in the Northern Great Plains significantly. Using inoculated buckwheat seeds that are
challenged with a NaCl solution will provide viable information on the possibility of
using isolated endophytes as a way to improve salt stress. This method could provide a
solution to the ongoing saline soil issue in the Northern Great Plains.
Developing the remediation of saline soil is important for agricultural productivity
but it is also vital for understanding the mechanisms involved in the changes of
greenhouse gas production. Microorganisms play a key role in N Cycling (Oshiki,
Segawa, & Ishii, 2018). The consumption and production of microorganisms have a
substantial effect on the gasses present in our environment, including harmful gasses such
as nitrous oxide (N2O) (Conrad, 1996). The disruption of the N cycle can have extremely
negative effects on the environment because N2O is 300 times worse than carbon dioxide
as a greenhouse gas (Griffis et al., 2017). Different genes present in soil have different
major responsibilities within the N cycle, whether it be fixation, nitrification, or
denitrification (Levy-Booth, Prescott, & Grayston, 2014). The presence or absence of
certain microorganisms and the biodiversity within soil types can have a profound impact
on the abundance of certain genes involved in the nitrogen cycle (Ye & Thomas, 2001).
Samples from saline and productive soil were analyzed to identify the difference in gene
abundance. The genes analyzed included nirS, nirK, nosZ, bac-amoA, and CrenamoA. All
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of these genes contribute to the nitrogen cycle (Oshiki et al., 2018). Variations in
abundance could be the reason behind different levels of harmful gases released into the
environment. The results of this study will provide helpful information for the
continuation of the study on the effects of saline soils and N2O production.

Materials and Methods
Microbiome Analysis
2.2.1.1 Sample Collection
All plant samples used in this research project were collected from a field containing both
productive and saline soil in Clark county, South Dakota at 44° 42' 11.6388'' N, 97° 52'
43.8312'' W. This study involved the collection and processing of data from two
consecutive summers, 2018 and 2019 for bulk soil, and 2019 and 2020 for plant roots.
This was done to develop a comparison between the results. The productive soil had a
soil mapping unit of a Forman-Cresbard loam (fine-loamy, mixed, superactive, frigid
Calcic Argiudoll and fine, smectitic, frigid Glossic Natrudoll) having 3 to 6% slope, and
the saline soil had a soil mapping unit of a Cresbard-Cavour loam (fine, smectitic, frigid
Calcic Natrudoll) with a 0 to 3% slope (Douglas J. Fiedler, Unpublished). The plants that
were selected for this analysis include corn (Zea mays), kochia (Kochia scoparia),
slender wheatgrass (Elymus trachycaulus), and creeping meadow foxtail (Alopecurus
arundinaceus). These four plant species were collected in the summer of 2019 and the
summer of 2020. Two years of samples were collected in order to ensure consistency or
monitor any changes in environmental conditions. This process involved the random
selection of a particular plant in one of the two designated soil types in question. The
2018 saline soil characteristics were much different than the characteristics of the
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productive soil (Table 1). In 2019, the EC values were 0.38 in productive soil and 8.4 in
saline soil. The sodium parts per million (ppm) were approximately 93ppm in productive
soil and approximately 3486ppm in saline soil. After the plants were selected, the plant
was then carefully uprooted and excess soil was removed from the root tissue. After the
removal of the majority of the soil, the roots were cut off at the base of the plant stem.
The roots were then placed in a bag for storage, labeled, and placed on dry ice. The first
year this collection took place, four replications of each plant from each soil type were
taken. In the second year this collection took place, six replications of each plant from
each soil type were taken. This was done in order to increase the number of replicates to
solidify results, as well as to ensure there was enough root tissue to complete multiple
replications of each necessary experiment. After the collection of plants was completed
and all bags were properly labeled, the plants were transported on dry ice back to the
location they would be stored.
The bulk soil samples were collected from each soil type (saline vs. productive) at
a field in Clark, SD randomly throughout the replicated plots during the growing season
in both 2018 and 2019. The plot layout included strips and blocks containing corn, mixed
species, and fallow land. During transportation, the samples were kept in a cooler
containing dry and transferred to -80 °C in the lab until the DNA extraction and isolation
of the microorganisms associated with the samples took place.
2.2.1.2 Sample Preparation
Both years' collected samples were prepared in the same way. Root samples were cut into
very small pieces and weighed to 0.2g. Roots were placed in tubes containing one metal
bead, a second metal bead was placed on top of the root tissue. This was done to avoid
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roots inhibiting the movement of the beads. Once the tube was labeled properly it was
placed in a thermo-container containing liquid nitrogen.
The tissues were ground into a fine powder using BeadBug Microtube
Homogenizer (Benchmark Scientific). This was done in 10-second intervals to ensure the
roots did not thaw out until the lysis buffer was added. Maintaining a cold temperature
was important not only to ensure the roots stayed viable for this procedure but also to
maintain a level of brittleness. The more brittle the roots, the easier they can be crushed
into powder. The bead beating machine was used at least three times for each sample, or
until fully ground.
Each Bulk soil sample was weighed to 0.5g in a lysing tube following the
manufacturers protocol (FastDNA Spin Kit (For soil, Cat.NO.116560200, MP
Biomedicals, Solon, Ohio)). No further preparation was done to the bulk soil samples.
2.2.1.3 DNA Extraction
Once samples were fully ground, 490µl of water was added to the tubes along with 20µl
of SDS, and 20µl of EDTA. The tube containing the root tissue and solution was then
vortexed vigorously to ensure thorough mixing of all components. Once vortexed, the
tubes were incubated at 68 °C for ten minutes. After incubation, the tubes were
centrifuged at 13,000 rpm for 8 minutes. This was done to separate supernatant from
excess root tissue and cell debris. The supernatant was transferred to a new
microcentrifuge tube, and 30µl of -20°C potassium acetate (KOAc) was added to the
tube. The tube containing the solution was then incubated on ice for ten minutes to
precipitate protein and other material. After the second incubation, the tubes were again
vortexed at 13,000 rpm for 8 minutes. The supernatant was once again transferred to a
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new microcentrifuge tube. The color of the solution varied from sample to sample, this
was due to the type of root tissue for each plant tissue and the amount of soil still attached
to the roots. To ensure high-quality DNA, the samples were purified using a ZYMO
DNA purification kit. The protocol was followed as described in the kit. This was done to
not only purify but also to concentrate the DNA extracted from the roots.
The soil samples did not need to be prepared or homogenized to extract the DNA.
A 0.5g aliquot of each soil sample was used for DNA extraction. The FastDNA Spin Kit
(For soil, Cat.NO.116560200, MP Biomedicals, Solon, Ohio) was used following the
manufactures' protocol with modifications. Once DNA was extracted samples were kept
at -20 °C until subjected to hexadecyltrimethylammonium bromide (CTAB) purification
(Riesenfeld, Goodman, & Handelsman, 2004).
The purified and concentrated DNA were then placed in 96 well plates and sent to
the University of Minnesota Genomics Center for sequencing on Illumina MiSeq V3
Targeting bacterial 16s (V3-V4) and fungal ITS1 for paired-end reads of 300 nucleotides
long. The returned data were uploaded to NCBI at the following accession numbers,
PRJNA521547, PRJNA645437, and PRJNA920718.
2.2.1.4 Qiime2 Analysis
Qiime2 was used as the pipeline for analysis because it is easily accessible and is
available on multiple user interfaces (Estaki et al., 2020). Following the standard
procedure published by the developer, a manifest table was first created which indicates
the file name with the path, and the associated sample ID. A metadata table was required
for most subsequent steps. The paired-end read files are demultiplexed and organized
based on their specific barcode provided by the metadata. Once the files were
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demultiplexed, quality control steps are taken to ensure further analysis is done
effectively. DADA2 was used to correct any Illumina sequencing errors and chimeric
sequences. During this quality control step, the paired sequences are trimmed from both
ends to remove any low-quality regions. When performing this quality treatment, the
parameters were chosen to ensure the removal of low-quality regions while still
maintaining the ability to overlap the paired sequences. Subsequently, a feature table was
generated and used as a reference throughout the analysis for decision-making purposes.
In the next steps, a phylogenetic tree was generated which allowed for the first
look at the makeup of species. Alpha and beta-diversity were analyzed to compare the
identified species within the samples. Using filters derived from the prepared metadata
file, the generated plots were divided by predetermined desired characteristic. In the case
of this analysis, plots were separated based on the soil type the sample was generated
from or the specific plant species of the sample. The beta-diversity plots that were
generated for each analysis included Jaccard distance, and Unweighted UniFrac distance
plots. The plots were developed through the analysis of species within the samples. The
more similar the species are between samples, the closer they will be together on the
plotted graph. These plots were consistent regarding the similarity of species within the
samples. The closer the plotted points are clustered together, the more similar the
contained species are.
The depth of analysis is important for these types of data. Performing a test to
identify the alpha diversity of the data analyzed is important to ensure the number of
features being studied from each sample is adequate. For this, an alpha rarefaction plot is
generated. Using these data, a simple conclusion can be made on whether or not the data
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are being used to their full potential. If the generated graphs are ascending, there are more
features available, if the lines level out, the analysis can proceed.
The taxonomic analysis of data allows for the identification of species present within
each sample. To do this effectively, a classifier needs to be used that aligns with the data
in question. The classifier used for 16S analysis was Silva 132, and the classifier used for
ITS analysis was UNITE version 8.0. The result of this step in the analysis produces a
visual reference for the taxonomy present within the samples being analyzed. This visual
can be presented in a bar graph style which allows for the separation of identified taxa on
multiple characteristics within the microbiome of gathered samples. Using the taxonomy
data provided canonical correspondence plots (CCA) were developed using XLSTAT
version 23.2.1 by Addinsoft.
The final step in this analysis is to develop ANCOM plots from the data.
ANCOM is an acronym for Analysis of Composition of Microbiomes. Using the
metadata file created, significantly different species within the samples from different soil
types were identified. The data were analyzed at the fourth, fifth, and sixth taxonomic
levels. The plot generated allows for easy identification and classification of species that
are significantly different within the samples. Each plotted point is associated with a
classified sequence. These steps were repeated for both years of the study, both bulk soil
and root samples, as well as 16S and ITS data.
Metabolite analysis
2.2.2.1 Plant Materials
Like the microbiome analysis, the same four different plant species, from two different
soil types gathered from a site in Clark county, South Dakota, were used in this analysis.
These species were corn (Zea mays), kochia (Kochia scoparia), creeping meadow foxtail
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(Alopecurus arundinaceus), and slender wheatgrass (Elymus trachycaulus). The same
gathering and storage methods from the microbiome analysis were used in this
experiment.
2.2.2.2 Metabolite Sample Preparation
When ready to complete metabolite identification from the root samples gathered from
Clark, South Dakota, the samples were removed from the freezer and kept on ice. The
samples were prepared following a modified protocol published before (Lisec, Schauer,
Kopka, Willmitzer, & Fernie, 2015). The samples were removed from storage in the -80
°C freezer and placed on ice. The root samples were trimmed into small pieces and
weighed to 0.5g subsamples. In order to eliminate cross-contamination from other
samples, the scissors used to cut the roots were sterilized between each sample with 95%
alcohol. The roots were placed in small 1.5ml bead-beating tubes with threaded lids.
Alongside the roots, metal beads were placed in the tube to assist in grinding the frozen
root samples into a powder. One bead was placed below the sample, and one bead was
placed above. The tubes were left frozen in liquid nitrogen and then placed in a BeadBug
Microtube Homogenizer (Benchmark Scientific) for ten seconds at a time and returned to
liquid nitrogen until the sample was pulverized into a fine powder. When not in the
homogenizer, the tubes were stored in liquid nitrogen to prevent degradation of the
metabolites. This ten-second increment within the homogenizer was repeated multiple
times until fully ground. Depending on the size and structure of the roots, this process
may be repeated more for certain root samples. Once fully ground, the samples were
returned to the liquid nitrogen until the derivatization process began.
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2.2.2.3 Metabolite Sample Derivatization
The beads used for grinding the roots were removed via magnet leaving only the ground
roots in the tube. To the ground roots, 700µl of pre-cooled methanol (-20 °C) was added
to the tubes. Once the methanol was added, the tubes were mixed thoroughly via vortex.
5µl of ribitol was added to the tube next and the solution was vortexed again. Ribitol is
used for quantification purposes as an internal standard, once the final result is analyzed
using a gas chromatograph mass spectrometer (Tan et al., 2010). The mixture is then
incubated for 10 minutes at 70 °C and mixed throughout incubation to ensure proper
heating. This step was adjusted from the initial protocol because the suggested equipment
was unavailable. After incubation, the mixture was centrifuged at 11000g for 10 minutes.
This was done to separate the solid root mixture from the supernatant which was
transferred to a reaction tube larger than 2ml in order to accommodate the initial volume
and additional solutions. 375µl of pre-cooled chloroform was added to the new vial,
which was kept at -20 °C. 750µl of cold water, stored at 4 °C was added to the tube
containing the mixture of solutions, and then the tube was vortexed for 10 seconds. Once
the contents of the tube were completely mixed, the tube was centrifuged for up to 15
minutes at 2200g or until the polar/upper phase was separated. After this has occurred,
200µl of the upper/polar phase was placed into a 1.5ml microcentrifuge tube. This was
done twice, leaving two tubes from each sample. Once the 400µl total has been removed
from the upper/polar phase of the 2ml tube, it was disposed of. The new 1.5ml
microcentrifuge tubes were dried using vacuum. The drying needed to be done with no
heat involved. This drying process can take an extended period of time depending on the
equipment being used. The samples were checked periodically to ensure drying occurred
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with this step taking multiple hours. Once the samples are completely dry, they were
ready for the next step in the experiment.
Immediately after drying, the tubes were removed from the vacuum, and 40µl of
pyridine containing methoxamine (20mg per ml-1) was added to each sample and each
tube was vortexed for one minute. An additional tube was made containing no root
sample to serve as a control. After vortexing, all samples were incubated at 37 °C for 2
hours. Each sample was vortexed approximately every 10 minutes. The samples must be
vortexed at appropriate intervals in order for procedural success. After incubation, 70µl
of N-methyl-N-trifluoroacetamide (MSTFA) was added to each tube. After this, each
sample was once again incubated, this time for 30 minutes at 37 °C, being vortexed every
5 minutes. After 30 minutes, the samples were centrifuged for 10 minutes at 14,000rpm.
The supernatant was removed and transferred to a vial to be stored at -80 °C for future
studies. Before the samples were stored in the freezer, 80µl of the prepared sample was
placed in a glass vial that was suitable for use in the Gas Chromatograph – Mass
Spectrometer (GC-MS) (Agilent GCMS 5975 Diffusion System).
2.2.2.4 Gas Chromatograph – Mass Spectrometer
The prepared samples were analyzed using a GC-MS. This analysis provided data in the
form of peaks that identified specific metabolites found in the root samples analyzed.
These data were extracted in .AIA format. The data were uploaded to
https://xcmsonline.scripps.edu and a pairwise comparison was completed comparing the
samples gathered from saline soil to the samples gathered from productive soil. Multiple
comparisons were made including plant-specific comparisons and total sample
comparisons. This website was able to identify predictive metabolites comparing the
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roots from both productive and saline soil. The website was used to give numerical data
and graphs that allowed for the simple comparison of metabolites in the analyzed
samples. Using this information, we were able to observe the differences in metabolites
of the samples that were gathered from the different soil types. The program used to
analyze the data given by the GC-MS run provided information on the likely
identification of metabolites found within samples based on the peaks provided. To
ensure the proper functioning of the GC-MS, the internal standard ribitol was located on
the provided charts. Once this peak was located, we could be sure that the machine
functioned properly, and the data were reliable.

Root-Associated Microbe Inoculation
2.2.3.1 Sample Culturing and Isolation
A sample of creeping meadow foxtail (Alopecurus arundinaceus) that was grown in
saline soil was selected to culture the root-associated microbes contained within and
surrounding the roots. This species was chosen because of the characteristics of the roots.
The roots are thin and fragile compared to other potential samples, this allows for
thorough and efficient grinding. 0.2g of the selected roots were placed in small 1.5ml
tubes with threaded lids. Alongside the roots, metal beads were placed in the tube to
assist in grinding the frozen root samples into a powder. One bead was placed below the
sample, and one bead was placed above. The tubes were placed in a BeadBug Microtube
Homogenizer (Benchmark Scientific) for ten seconds at a time until the sample was
turned into a fine powder. This was repeated until the roots were ground Due to the
fragile makeup of the roots, this procedure took no more than three repetitions. Once the
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roots were ground to a fine powder, 1µl of sterile water was added to the tube. The tube
was then vortexed to ensure that the solution was thoroughly mixed. The solution was
drawn up with a pipette and the solution was plated on a petri dish containing freshly
made and set LB agar. The solution was spread evenly on the agar and the dish was
sealed with Parafilm.
After approximately 5 days at room temperature, bacterial growth was substantial
across the plate, individual species were selected via visual inspection. Cultures with
different colors and shapes were selected using a sterilized inoculation loop. A total of
eight different isolates were streaked onto freshly set LB agar plates. Each plate was
streaked with visually unique bacterial species. The newly streaked plates were also
sealed with Parafilm and left at room temperature to grow. Once bacterial isolates were
fully isolated and established, glycerol stock solutions were made according to an
Addgene protocol (https://www.addgene.org/protocols/create-glycerol-stock/). The
isolated cultures were extracted for their DNA following a protocol for genomic DNA
extraction. This extraction protocol is available on Bio-protocol.org (F. He, 2011) E.
coli Genomic DNA Extraction. Bio-101: e97. DOI: 10.21769/BioProtoc.97.)
Once the isolated bacterial samples had their DNA extracted, the DNA was sent to be
sanger sequenced. 347f and 803R 16S universal primers were used. This was done in an
attempt to identify the isolated bacterial species.
2.2.3.2 Preliminary Testing
The eight isolated bacterial cultures from the roots of saline creeping meadow foxtail
(Alopecurus arundinaceus) were used as inoculants to improve stress tolerance caused by
increased salinity levels. Buckwheat (Fagopyrum esculentum) seeds were used in this
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experiment due to their response to natural salt tolerance as observed in previous personal
experiments. Before the experiment could proceed, an appropriate NaCl concentration to
challenge the seeds needed to be determined. To determine this concentration a series of
experiments were done on sterilized seeds with no inoculant present. A solution of sterile
water mixed with increasing amounts of NaCl was used to determine the best molarity of
solution to challenge the seeds with. Seeds were placed in Petri dishes with paper towels
lining the bottom of the dish. 8 ml of water was placed in one of the Petri dishes, two
other Petri dishes were set up with 8ml of 0.1 M NaCl and 0.2 M NaCl solutions
respectively. The 8ml volume was chosen based on previous experiments. 8 ml of the
solution provided the seeds enough moisture to germinate without an excessive amount
of water present. Based on the germination occurrence of the seeds challenged with the
two NaCl solutions compared to the control, 0.2 M NaCl solution was chosen for future
use in experiments. The 0.1 M NaCl did not significantly reduce the germination
compared to the control; however, the 0.2 M NaCl concentration did have a negative
effect on germination, indicating the salt stress was inhibiting germination.
2.2.3.3 Seed Inoculation and NaCl Challenge
Inoculation of seeds was done using a technique known as Bio-Priming. This
method involves the immersion of the seeds in a specific optical density of solution,
which contains a desired bacterial isolate. The seeds are suspended and mixed thoroughly
for a period of time. The seeds are then dried, at which point they should be fully
inoculated with the desired bacteria. This section of the experiment was done in a
sterilized fume hood to reduce contamination. Culture tubes were filled with
approximately 2 ml of LB broth. Using an autoclaved sterilized toothpick, an isolate from
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the desired plate was selected and carefully placed in the culture tube. This process was
repeated a total of nine times, once for each bacterial isolate, and once for a control. The
control was prepared the same way without the addition of the bacterial isolate. The
bacterial cultures were left to grow in the LB broth while being shaken at 28 °C for 48
hours. At this point, there were sufficient bacteria present in the broth. The broth
containing bacteria was then transferred to 2 ml micropipette tubes where they were spun
at approximately 10,000 RPM. This was done to separate the bacteria from the broth.
Once separated, the excess broth was then disposed of. Water was added to the
microcentrifuge tubes to resuspend the bacteria culture, the tubes were vortexed until
thoroughly mixed. Once the solution was mixed, it was transferred to a larger centrifuge
tube, making sure to not leave any bacteria in the microcentrifuge tube. From this point,
water was added to each tube to dilute the solution to an optical density of 0.5 at 260nm.
Once this solution is at the correct optical density, it is ready to be used in the biopriming procedure.
This inoculation method was adapted from the methods in Syed-Ab-Rahman et al
(Syed-Ab-Rahman et al., 2018). To prepare the seeds for inoculation, they were the first
surface sterilized with 70% alcohol solution and washed with distilled water. This process
was repeated a total of three times. Sterilized seeds were then counted and placed into
centrifuge tubes to undergo bio-priming. Seeds were submerged and shaken at room
temperature for one hour. Control seeds were shaken in water simultaneously. After this
period, they were left to dry.
Dried, bio-primed seeds were placed in a sterilized petri dish with a cut sterilized
paper towel at the bottom to help absorb water. Dishes were labeled and 8ml of prepared
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0.2 M NaCl solution was added to each dish, making sure to evenly distribute the
solution within the dish. Petri dishes were sealed with Parafilm and set on the benchtop at
room temperature to germinate. This procedure was repeated multiple times to ensure
accurate results and to confirm replicability.

Nitrogen Cycling Gene Analysis
2.2.4.1 Soil Collection and DNA Extraction
The soil samples used in this experiment were the same samples used in the microbiome
and metabolite analysis. The preparation and DNA extraction methods are the same. A
0.5g aliquot of each sample was used for DNA extraction. The FastDNA Spin Kit (For
soil, Cat.NO.116560200, MP Biomedicals, Solon, Ohio) was used following the
manufacture's protocol with minor modifications. Once DNA was extracted samples were
kept at -20 °C until hexadecyltrimethylammonium bromide (CTAB) purification was
done (Riesenfeld et al., 2004).
2.2.4.2 Standard Preparation
The gBlock standards (Table 8) to be used in this experiment were ordered from
Integrated DNA Technologies. Standard sample tubes were centrifuged for
approximately five seconds at 4000 rpm to concentrate the pellet and ensure that no
sample is stuck to the sides of the tube or cap. If this was not done, it could result in a
loss of sample. After centrifuging, 10 µl of sterile water was added to the tube. This
resulted in a concentration of approximately 50ng/µl because the initial weight of the
gBlock standard was approximately 500ng. A standard curve was generated by adding
1µl of 50ng/µl stock to 9 µl of sterile water. This process was repeated multiple times to
obtain a tenfold standard dilution. Depending on the concentration required, this tenfold
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dilution went as low as 0.00004ng/µl. The concentration needed depended on the results
of the quantitative polymerase chain reaction (qPCR) analysis. The dilutions of the
standards were verified using a Nanodrop UV-Vis Spectrophotometer (Fisher Scientific,
Hampton NJ). The standard dilution procedure was repeated for all gBlock standards
used in this analysis.
2.2.4.3 qPCR Analysis
Cleaned DNA extracts of previously gathered samples from productive and saline soil
were used as a template for the preparation of a 20 µl total volume polymerase chain
reaction solution. Four replications of each soil type were used to ensure accuracy, this
was a total of eight samples being analyzed for each gene used. The genes used in this
analysis include nirS, nirK, nosZ, bac-amoA, and CrenamoA. The primers used (Table 7)
were: nirSC1F/nirSC1R, nirKC1F/nirKC1R, nosZ1F/nosZ1R, Arch-amoAF/ArchamoAR, and amoA_F1/amoA_2R, respectively (Oshiki et al., 2018) (Table 7). The
chemical materials needed for this experiment were kept at -20 °C and thawed on ice
before use. Each well used had 10µl of PowerTrack SYBR Green Master Mix
(ThermoFisher Scientific), 8µl of sterile water, and 0.5µl of both forward and reverse
primers. 1µl of the template was added to each corresponding well, this brought the total
volume up to 20µl. Each gene being analyzed had the diluted standards included on the
plate in separate wells in order to develop a standard curve simultaneously. The results of
the qPCR run provided the Ct values required to generate the standard curve. The curve
was based on the concentration of the standard and the corresponding Ct value. Three
replications were included on the plate for each sample being analyzed. Each targeted
gene and respective primers had three controls on the plate, these wells contained 1µl of
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extra water instead of the sample template. Once the wells were prepared, the plate was
sealed and ran in a QuantStudio 6Flex qPCR machine (ThermoFisher Scientific). The
qPCR run method was chosen based on the suggested parameters of the PowerTrack
SYBR Green Master Mix (Applied Biosystems)
2.2.4.4 Statistical Analysis
Once data were available after the qPCR run, the data were analyzed using RStudio
version 1.2.1335 (The R Studio for Statistical Computing Platform). Welch two-sample
T-tests were used to compare Ct values of samples taken from saline soil compared to
samples from productive soil. From this, significance was determined between the
results. Standard curves were generated in Excel using the Ct values of the diluted gBlock
standards, and the concentrations of standards used. Concentrations were converted to log
values. Gene copy numbers of samples were determined using the website,
“http://endmemo.com/bio/dnacopynum.php”.

Table 1.
Description of the 2018 characteristics of soil samples taken from a field in
Clark county South Dakota. Bulk soil samples as well as plant roots were extracted
from this location, courtesy of (Douglas J. Fiedler, Unpublished)

Soil Type

Soil

Productive
Productive

cm
0-15
15-30

cm cm
0.56
0.48

0-15
15-30

Saline

Porosity
3

-3

Bulk
density

pH 1:1

-3

Avergae
Microbial
Biomass

EC1:1

Na

-1

ug g
72
136

-1

g cm
1.16
1.37

7.4
7.5

dS m
0.39
0.66

0.48

1.37

7.7

3.87

1680

0.44

1.49

8

2.4

1030

µg C g-1
16.3
7.08

Results
Microbiome Analysis Results
The procedures listed above were repeated for two years, with all samples gathered from
the same location. Samples from both saline and productive soil, as well as plant roots,
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were collected, DNA was extracted, and the DNA samples were sequenced. An analysis
was performed for both 16S Bacterial and ITS Fungal microbiome. After samples were
uploaded effectively and quality control procedures were done to ensure accuracy
throughout the analysis. The feature tables generated were used throughout the analysis.
Comparing the two years of data between 16S and ITS data, the feature counts were kept
as high as possible while trying to keep as many samples as possible. Samples with
feature counts lower than one thousand were excluded from the analysis. With the
parameters set during the denoising process, few samples from both years fell under this
threshold. Setting this threshold allows for accurate results while still maintaining as
many sequences as possible. Figure 1 shows an example of the feature data generated for
one year for each analysis of both 16S and ITS microbiome. The frequency per sample
table (Table 2) is specific to the 16S root sample data gathered in 2019. The lowest
feature count was 532, and the second lowest was 540. Both of these samples were
removed for the rest of the analysis. After the removal, the lowest feature count was
1698. The removal of samples results in the removal of sequences, which is not ideal
when comparing the specific microbial composition of the samples in question. If too
many samples have too low of features, it is likely that there is not enough overlap in the
denoising stage of the analysis. Trial and error of this denoising step may be necessary to
get the best results possible. Although similar parameters were set during the denoising
stage when analyzing the ITS microbiome of the samples, the feature count was much
higher. The minimum number of features was slightly over 3,000, meaning all samples
were included in the analysis. The feature table data for both years analysis of both roots
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and bulk soil are very similar. When the data were not similar, adjustments were made to
ensure that the data provided enough information.

A

B

Figure 1.
A) Example histogram indicating the number of 16S samples with specific
frequencies after denoising B) Example histogram indicating the number of ITS
samples with specific frequencies after denoising

Table 2.
Example of data provided to the user from qiime2 after DADA2 denoising
stage. Detailing frequency quartiles among analyzed samples. The more features
present the more information available for the pipeline.

2.3.1.1 Root Alpha Diversity
The alpha diversity figures produced in this analysis give a clear indication that
the full richness of each sample was quantified. Using Faith’s Phylogenetic Diversity
(Faiths PD), the comparative visualization of the biodiversity of species within each
sample can be viewed. This measurement calculates the sum of all branch lengths within
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a phylogenetic tree (Hsieh & Chao, 2017). The 2019 16S plant root analysis provides
information that there is no significant difference in the alpha diversity of the plant root
microbiome (P=0.7) calculated by a Kruskal-Wallace test. The 2020 16S root analysis
indicated there was a significant difference in plant root biodiversity, by the same
Kruskal-Wallace test (P=0.006) (Figure 2). The result indicates a significant difference in
the amount of diversity between soil types and that samples from saline soil had a higher
alpha diversity. A higher alpha diversity indicates there are more species present.
The 2019 analysis of ITS plant roots shows that there is no significant difference
in alpha diversity between soil types determined by a Kruskal-Wallace test (P=0.1). The
2020 ITS analysis of plant roots shows that there was a significant difference in alpha
diversity between soil types (Figure 3) (P=0.048).

Figure 2.
2020 16S Root sample alpha diversity boxplot indicating a significant
difference in levels of alpha diversity between soil types (Kruskal-Wallace T-Test, α=
0.05, P=0.006, H value 7.435)
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Figure 3.
2020 ITS Root Sample indicating a significant difference in alpha diversity
levels between saline and productive soil (Kruskal-Wallace T-Test, α= 0.05, P=0.048,
H value 3.9022)

2.3.1.2 Bulk Soil Alpha Diversity
Bulk soil data shows that the 16S or bacterial alpha diversity using Faiths PD was similar
between the soil types in both 2018 and 2019 confirmed by a Kruskal-Wallace test
(P=0.09) (Figure 4) and (P=0.6) respectively. There was not a significant difference in
bacterial biodiversity in the bulk soil samples between soil types.
The biodiversity of ITS or fungal species in the samples gathered from 2018
indicate that there was a significant difference between diversity levels in the sample as
shown by a Kruskal-Wallace test (P=0.007) and the same in 2019 (P=0.03) (Figure 5).
Both tests show that productive soil had a higher level of biodiversity compared to saline
soil samples in fungal species analysis. The consistency of the significance over the yearlong period indicates once again that there was not a large change in the amount of
biodiversity. This means that likely the microbial composition is not drastically changing
in one soil type over time.
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Figure 4.
2018 16S bulk soil sample alpha diversity boxplot indicating no significant
difference in levels of alpha diversity between soil types (Kruskal-Wallace T-Test, α=
0.05, P=0.09)

Figure 5.
2019 ITS bulk soil sample alpha diversity boxplot indicating a significant
difference in levels of alpha diversity between soil types (Kruskal-Wallace T-Test, α=
0.05, P=0.03)
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2.3.1.3 Root Beta-Diversity
The beta-diversity portion of this analysis gives concrete evidence that the
microbiome composition of plant root samples gathered from saline soil and productive
soil differed. Three-dimensional scatter plots were generated using the microbiome
composition of all samples gathered. Using information provided in the metadata, plot
points were clustered separately by soil type (Figure 6 - Figure 10). These plots showed
grouping of plots within soil types, and clear separation of samples when comparing
productive versus saline soil.
The Jaccard distance plots are used to determine a similarity between samples
(Bouchard, Jousselme, & Dore, 2013). Comparing the 16S results of the Jaccard plots
generated from the root samples, the difference in communities is consistent from year to
year. Each plot generated, regardless of what year, showed some level of separation
between groups from productive soil and saline soil (Figure 6 and Figure 7). The
dissimilarity varied between each analysis but overall showed an identifiable separation
of plotted points. The Unweighted UniFrac plots generated take into consideration
species presence and absence, as well as the branch length of certain communities
identified (Chen et al., 2012). Figure 8 and Figure 9 below show the unweighted UniFrac
plot generated for 16S and ITS root samples from the 2019 and 2020 sample analysis.
The unweighted UniFrac plot compares shared and unshared microbial species. The
colors of each plotted point indicate the plant species of the sample, the circled samples
are samples gathered from saline soil. These data clearly indicate separation between
similarities of samples gathered from saline soil and productive soil. It also indicates that
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plant species impacts bacterial microbiome composition minimally when samples were
taken from different soil types.
The ITS portion of the beta-diversity analysis from the 2019 root analysis once
again shows separation between the shared species from productive and saline soil
(Figure 10). The 2020 root sample analysis also identifies visual separation of the fungal
species associated with the root samples in different soil types. Although there is no
numerical indication of significance, these plots provide a productive visual
representation of the microbial composition within the root samples. An unweighted
UniFrac plot once again shows that the fungal species within samples do not correlate
exactly with the plant species they derive from (Figure 9). The fungal species seem to be
more closely associated with the plant they derive from compared to the bacterial species,
based on the clustering of plotted points yet the separation of the plotted points indicate
the fungal microbiomes are not identical between different soil types.

Figure 6.
2019 16S root sample beta-diversity Jaccard Plot showing the bacterial
similarity between soil types (Blue = Saline, Red = Productive)
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Figure 7.
2020 16S root sample beta-diversity Jaccard Plot showing the bacterial
similarity between soil types (Blue = Saline, Red = Productive)

Figure 8.
2019, 16S root sample unweighted UniFrac plot showing plant species and
the shared bacterial species present within each sample (Circled = saline samples, blue
= kochia, red = corn, green = slender wheatgrass, purple = creeping meado w foxtail)
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Figure 9.
2020 ITS root sample unweighted UniFrac plot showing plant species and
the shared fungal species present within each sample (Circled = saline samples, blue =
kochia, red = corn, green = slender wheatgrass, orange = creeping meadow foxtail)

Figure 10.
2020 ITS root sample beta-diversity Jaccard Plot showing the fungal
similarity between soil types (Blue = Saline, Red = Productive)

2.3.1.4 Bulk Soil Beta-Diversity
The beta-diversity analysis of bulk soil samples gathered from saline and productive soil
provided helpful information for understanding the composition of shared species within
the soil types. The Jaccard plots produced for the 16S bacterial analysis once again
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provided a clear visual indication that there was a difference in species from soil gathered
from saline soil and soil gathered from productive soil. Plots generated from both years
show that the samples are quite dissimilar between soil types (Figure 11 and Figure 12).
The Jaccard plots produced from the ITS or fungal data also show that there is not a high
level of similar species between soil types (Figure 13 and Figure 14). These results are
consistent and show a similar level of shared species from year to year. The fact that the
bacterial and fungal species do not share a lot of species is promising information for this
research.

Figure 11.
2018, 16S Jaccard Plot showing the bacterial similarity between bulk soil
types (Blue = Saline, Red = Productive)
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Figure 12.
2019, 16S Jaccard Plot showing the bacterial similarity between bulk soil
types (Blue = Saline, Red = Productive)

Figure 13.
2018, ITS Jaccard Plot showing the fungal similarity between bulk soil
types (Blue = Saline, Red = Productive)
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Figure 14.
2019, ITS Jaccard Plot showing the fungal similarity between soil types
(Blue = Saline, Red = Productive)

2.3.1.5 Alpha Rarefaction plots
To ensure that all samples are analyzed to their full potential, alpha rarefaction plotting is
done. This is an alpha diversity analysis that provides evidence that the richness of all
samples has been fully observed. If all features are not analyzed, the results could be
skewed, and incorrect assumptions could be made. When the points level out, the
sampling depth is set at the right level and samples have been fully observed. An example
of a plot indicating fully observed richness is included, the sequencing depth was set at an
appropriate amount which allowed for the plateau of the graph (Figure 15). This result
confirms the accuracy of previous analysis results.
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Figure 15.
Example of alpha rarefaction plot generated by qiime2 which confirms full
richness of features has been observed based on leveling out of plotted points,
generated from 2020 16S root samples

2.3.1.6 Root Taxonomic Analysis

The results of the taxonomic analysis portion of this microbiome analysis provided
insight into the microorganism makeup of each sequenced sample. The organisms were
identified using classifiers specific to bacteria and fungi, depending on what portion of
the analysis was being completed. For the bacterial analysis, a Silva 132 classifier was
used. This classifier is compatible with Qiime2 software and successfully identified
species based on the 16S sequences provided. For the ITS or fungal portion of the
analysis, UNITE version 8.0 was used to identify the taxonomy within the samples
provided. There are approximately 4.5 times more identified bacterial species in the
second year than there were in the first-year analysis of 16S root samples data. There
were approximately 12,000 species identified in the 2019 roots samples and 55,000
species identified in the 2020 root sample analysis. For the root ITS analysis, the 2019
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samples had identified 3,000 species within the collected samples, for the 2020 samples,
this value increased to approximately 5,200 species. This is almost twice as many
identified species compared to the previous year. This could provide an indication that
the soil is becoming more habitable for microorganisms which would be beneficial for
the plants growing. In both years, the microbiome composition was dominated by
bacteria compared to fungi. The number of taxa identified is not specific to saline or
productive soil, it is the total number in all of the species.
To determine if there is a significant difference between the composition of the
microbiome, the identified taxonomy was separated into levels, and an ANCOM analysis
was performed on the data. This analysis is a statistical test that determines the significant
differences between identified taxonomic species within a microbiome. A level 6
ANCOM analysis was performed on both 16S and ITS species. The results of the 16S
analysis indicate that there are shared taxa between the two soil types, but there are also
significantly different species present. In this analysis, the higher the W value given, the
more significant the species are. The “clr” value is a measure of similarity, the farther
from zero the less similar the species is from the average. Figure 16 below shows an
ANCOM plot produced for identified 16S organisms, separated by the soil type where
samples were gathered. From the figure, it is clear that numerous species within each soil
type are significantly different from one another. Based on the density of the plotted
points, it is also conclusive that 16S root samples gathered from saline soil have an
increased number of significantly different taxonomic species when compared to samples
gathered from productive soil. These significantly different bacterial species located
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within saline soil could explain the plant's successful growth even when faced with sodic
soil stress.
The ITS root sample ANCOM analysis provided additional information on the
significant difference in the microbial composition of root samples. A level 6 ANCOM
analysis of the 2019 root samples once again shows an increased number of significantly
different fungal species found in saline soil (Figure 17). Compared to the bacterial
ANCOM analysis, this plot seems lacking in plotted points. This is likely due to the
decrease in identified species. This also provides evidence that the fungal portion of the
microbial composition has less significant species between soil types compared to the
bacterial counterpart. The ANCOM analysis provided names of significant species from
saline soil. The number of significant differentially abundant species present in saline soil
was higher than the number present in productive soil. A bar graph of taxonomic species
was produced and showed composition between soil types. The large bars at the top of
the graph (Figure 18) represent species that were not fully identified and include missing
information, so the specificity is less narrow. For this reason, the compositional percent is
higher. The species that are fully identified are too vast to accurately make up the
difference in species. This figure was added as a reference but otherwise is not as useful
as the ANCOM plot analysis. The significant species identified from the ANCOM
analysis of root samples gathered from saline soil are listed in Table 3. This table shows
the number of significant bacteria was much greater than the significant fungal species.
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Figure 16.
2019, Level 6 ANCOM volcano plot, 16S root samples, plotted points
furthest away from the middle indicate significant species (Saline = right, Productive =
left)

Figure 17.
2019, Level 6 ANCOM volcano plot, ITS root samples, plotted points
furthest away from the middle indicate significant species (Saline = right, Productive =
left)
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Figure 18.
Example of Level 6 taxonomic bar graph produced showing total microbial
composition and abundance of bacterial species within root samples from 2019. Each
color represents a different genus identified within samples
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Table 3.
Significant bacterial and fungal taxa identified from root samples specific
to saline soil samples gathered from Clark county South Dakota
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2.3.1.7 Soil Taxonomic Analysis
The soil taxonomic analysis provided similar information to the root taxonomic analysis
using the same methods and techniques. The same classifiers were used for the root
analysis as well as the soil analysis. All figures were generated in the same way using the
same Qiime2 program. The 16S bacterial analysis from the 2018 identified just under
10,500 total species from the bulk soil. Comparatively, the 2019 bulk soil analysis
identified just under 11,000 bacterial species. The number of bacterial species identified
within the bulk soil samples did not have a large change from year to year. The number
of ITS/fungal species identified within the bulk soil also varied from year to year. The
2018 samples collected had approximately 4,800 identified species, the samples from
2019 had just under 7,500 species identified. The fungal species identified increased from
the first year to the second year. Again, this increase in the number of taxa identified
could give indication that the soil is becoming more habitable for microorganisms. The
increased number of taxa could be beneficial for the plants growing within the soil. Using
the species identified, CCA plots were generated for both bacterial and fungal taxa
identified from bulk soil samples over the two-year period (Figure 19 - Figure 22). This
was done in order to correlate and better understand the effects that certain soil
characteristics have on the microbiome within the soil. These plots provide information
that indicate certain taxa are more heavily associated to saline soil, whereas other taxa are
more associated with productive soil. Some of the 16S taxa that are more associated with
saline soil include acidobaceria, planctomycetes, and endomicrobia which are all known
to promote plant growth (Guo & Narisawa, 2018; Kielak, Cipriano, & Kuramae, 2016;
Utturkar et al., 2016). In the ITS CCA plots taxa that associated highly with saline soil
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include archaeosporomycetes, alternaria, and acremonium, all of which are known to
promote plant growth (Diagne et al., 2020; Zhou, Tang, & Guo, 2018).
The ANCOM analysis provides more information regarding the significance of
the species identified in both the 16S and ITS analysis. The ANCOM analysis provided a
list of significant species found in saline soil for each year (Table 4). Similar to the root
samples, the number of significant species in the bulk soil samples was higher in saline
soil versus productive soil. The 2019 level 6 ANCOM 16S analysis of bulk soil samples
shows that there are significant species located in both soil types, but there are more
significantly different bacterial species in saline soil compared to productive soil (Figure
23). The ITS analysis of the 2018 bulk soil samples indicates that there are significantly
different bacterial species within the saline soil; however, there are more significantly
different species found within the productive soil (Figure 24). The ANCOM analysis
provides beneficial information that helps understand the microbiome composition of
these soil samples. An ANCOM was analyzed to compare the saline bulk soil samples for
bacterial and fungal analysis between the two years. The results indicate that there are
several differentially abundant species present between the two years. In the 16S analysis,
it was shown that a species within the phylum planctomycetes decreased from the first
year to the second, however the taxa was still present in the second year (Figure 25).
Planctomycetes are known to associate endophytically with plants (Utturkar et al., 2016).
In the ITS analysis, several species were shown to be differentially abundant. Taxa from
the genus mortierella increased in the second-year samples (Figure 26). Species within
the genus mortierella are known to have plant growth promoting capabilities (F. Li et al.,
2020). The two other species that increased the second year were unidentified fungi. The
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increase of plant growth promoting fungi could be an indication of phytoremediation. The
changes over the two-year period can be helpful to understand how the soil is changing
its microbial composition over time.

Figure 19.
2018 16S CCA plot showing taxa with more association with certain
variables and specific soil types
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Figure 20.
2018 ITS CCA plot sho wing taxa with more association with certain
variables and specific soil types

Figure 21.
2019 16S CCA plot showing taxa with more association with certain
variables and specific soil types

50

Figure 22.
2019 ITS CCA plot sho wing taxa with more association with certain
variables and specific soil types

Figure 23.
2019, Level 6 ANCOM volcano plot, 16S bulk soil samples, plotted points
furthest away from the middle indicate significant species (Saline = left, Productive =
right)
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Figure 24.
2018, Level 6 ANCOM volcano plot, ITS bulk soil samples, plotted points
furthest away from the middle indicate significant species (Saline = right, Productive =
left)

Figure 25.
Differential abundance of taxa analyzed by ANCOM. Box plots comparing
16S taxa from saline soil between 2018 and 2019
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Figure 26.
Differential abundance of taxa analyzed by ANCOM. Box plots comparing
ITS taxa from saline soil between 2018 and 2019
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Table 4.
Significant bacterial and fungal taxa identified by ANCOM analysis from
bulk saline soil samples collected from a field in Clark County, South Dakota
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Metabolite Analysis Results
Running a pairwise comparison of the samples collected from saline soil and the samples
collected from productive soil allowed for the side-by-side viewing of metabolites found
in each soil location. When the same specific metabolites were found in samples from
both locations, differences in upregulation and downregulation of these metabolites were
observed. The statistical significance between the differences was also provided from the
analysis which allowed for the comparison between changes occurring in the metabolite
makeup of the samples analyzed. Numerical values were given as well as overlapping
graphs of metabolite peaks. When multiple samples from different soil types had the
same metabolites present, this visual information was used to quickly determine which
samples were upregulating and downregulating metabolites. The information provided
was crucial to determining what was occurring within the metabolomic area of these
plants from their differing locations.
During the analysis using the GC-MS, a specific metabolite that was identified
when analyzing the roots of Kochia scoparia was predicted to be pantothenate. The peaks
of this metabolite were significantly different between soil types (Figure 28). This
metabolite was shown to be decreased in samples collected from saline soil (Figure 27).
Levels of pantothenate are known to decrease in plants exposed to stress (Hanson,
Beaudoin, McCarty, & Gregory, 2016). Pantothenate is the precursor to the Coenzyme A
biosynthetic pathway, which produces Coenzyme A (CoA) (Raman & Rathinasabapathi,
2004). The difference in recorded metabolites was a -4.4-fold change (P=0.02). This
confirms a significant difference in the amount of the pantothenate metabolite present
within the analyzed samples.
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Figure 27.
Boxplot comparing the amount of the pantothenate metabolite present in
samples of kochia root gathered from saline and productive soil

Figure 28.
Extracted ion chromatogram comparing the intensity of peaks at the
specific retention time associated with the pantothenate metabolite.
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Endophyte Inoculation Results
Out of the 8 bacterial isolates tested, two stood out as having a positive effect on the
germination of buckwheat seeds. There were five total replications of the experiment
done using bacterial samples SMF23 and SMF27. These bacterial isolates were selected
based on the results of the first trial of the experiment based on the visual indication of
improved growth. The experiment was then repeated five more times making sure to be
set up consistently to ensure accurate results. Each experimental replication involved the
inoculation of fifteen buckwheat seeds, except for one replication dish inoculated with
SMF27, which was missing a seed. This resulted in 75 total seeds inoculated with
SMF23, 74 seeds inoculated with SMF27, and 75 control seeds.
In total from the five replications of the control seeds challenged with 0.2M NaCl
solution, only four seeds germinated (4/75). From the inoculated seeds, 29 of the seeds
inoculated with SMF23 germinated (29/75), and 37 of the seeds inoculated with SMF27
germinated (37/74) (Table 6). RStudio version 1.2.1335 (The R Studio for Statistical
Computing Platform) was used to perform statistical analysis on the results of the
experiments. An Analysis of Variance, or ANOVA, test was done comparing the root
length of germinated seeds (P=0.0003). The boxplot indicates a difference in germination
percent for inoculated seeds compared to the control seeds (P=0.0002) (Figure 29 A).
There was not a significant difference in the two inoculants results.
The vigor index is a calculation of the germination percentage multiplied by the
average length of the plant root, this method was derived from a method by Gamalero et
al (Gamalero, Berta, Massa, Glick, & Lingua, 2008). The significance of the vigor index
of the seeds was also calculated and analyzed using RStudio version 1.2.1335 (The R
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Studio for Statistical Computing Platform). The P-value of this ANOVA comparison was
0.069 (Figure 29 B). Although this would not typically be considered significant at a
standard alpha level of 0.05, based on the circumstances of the experiment the data are
differed at an alpha level of 0.1. Calculating the vigor index greatly reduces the number
of data points being analyzed. If there were more data points of vigor index, the P-value
would have been seen as conventionally significant, or lower than 0.05.
The results of the Sanger sequencing provided nucleotide sequences that were
placed into BlastX to identify the isolated bacterial species. These results provided
generalized information on the isolates but none of the isolates were identified at the
species level conclusively (Table 5). Three of the results indicated that the bacteria
species have not been previously cultured or identified. The two species with promising
results were SMF23 and SMF27. The nucleotide sequence associated with SMF23 is
within the genus of Bacillus, but an unknown and unidentified species. The nucleotide
sequence associated with SMF27 is associated with no known bacterium. The two
significant bacterial species were submitted for genomic sequencing, but due to delays
the results have not been provided. This information will be beneficial to the future of
this experimental project because the identity of the species can provide insight on the
mechanism behind the increased germination.
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Table 5.
Potential species identity based off of Sanger sequencing results of
isolated bacterial species from saline creeping meadow foxtail (Alopecurus
arundinaceus) root

Sample
Name
SMF22

Suggested Species
-

Bacillus sp. (in: Bacteria) [firmicutes]
Bacillus cereus [firmicutes]
Bacillus thuringiensis [firmicutes]

SMF23

-

Bacillus sp. (in: Bacteria) [firmicutes
Bacillus pacificus [firmicutes]
Bacillus mycoides [firmicutes]

SMF24

-

Pseudomonas putida [g-proteobacteria]
Pseudomonas hunanensis [g-proteobacteria]
Pseudomonas fluorescens [g-proteobacteria]

SMF25

-

Bacilli bacterium So2Pw_1330 [firmicutes]
Bacillus cereus [firmicutes]
Bacillus thuringiensis [firmicutes]

SMF26

-

uncultured bacterium [bacteria]
Comamonadaceae bacterium Ri2Ps_5065 [b-proteobacteria]
Comamonas koreensis [b-proteobacteria]
Delftia sp. H214 [b-proteobacteria]

SMF27

-

uncultured bacterium [bacteria]
uncultured Chloroflexi bacterium [GNS bacteria]
uncultured Anaerolinea sp. [GNS bacteria]

SMF28

-

uncultured bacterium [bacteria]
Stenotrophomonas sp. DAIF1 [g-proteobacteria]
Stenotrophomonas maltophilia [g-proteobacteria]

SMF29

-

Bacillus sp. (in: Bacteria) [firmicutes]
Bacillus cereus [firmicutes]
Bacillus thuringiensis [firmicutes]
Bacillus subtilis [firmicutes]
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A)

B)

Figure 29.
A) Boxplot comparing germination percent of seeds treated with inoculants
vs control B) Boxplot comparing vigor indexes of treatments

Table 6.
Percent of buckwheat seeds that germinated after being treated with 0.2M
NaCl as well as the total number of seed germinations recorded for each treatment
(P=0.0002)

Seed Germination Occurrence

Total

Replication

Control

SMF23

SMF27

1

20%

60.00%

66.67%

2

0%

46.67%

42.86%

3

7%

40.00%

60.00%

4

0%

26.67%

40.00%

5

0%

20.00%

46.67%

4/75

29/75

34/74

Nitrogen Cycling Gene Analysis Results
From the five nitrogen cycling genes analyzed using qPCR, only one gene had
significantly different Ct values, and subsequently significant gene copy numbers. nirS
was the only gene that had a significant difference in Ct value/gene copy numbers (Figure
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31 E). nirK, nosZ, bac-amoA, and CrenamoA had similar levels of genes present
regardless of the soil type (Figure 31. A, B, C, D). A Welch two-sample T-test (P=0.03)
indicates that the Ct values of nirS genes were significantly different between soil types.
The average Ct value for nirS genes present in productive soil was 31.1, and the average
Ct value for nirS genes present in saline soil was 24.8. The standard concentrations and
their respective Ct values were plotted using excel, and a line of best fit was generated
(Figure 32). This was done to determine an equation that could then be used to calculate
the concentration of the nirS gene present in the samples gathered from productive and
saline soil. Converting these values into gene copy numbers results in an average value of
approximately 21,000 gene copies in productive soil and an average value of 909,000
gene copies in saline soil. This indicates an approximate fold change of more than 42,
regarding nirS gene copies present. Although the nirS gene was the only gene present at a
significantly different amount, the difference in concentration can provide helpful
information on determining the environmental effects of saline soil outside of crop
production (Douglas J. Fiedler, Unpublished). This is because the nirS gene is involved in
the production of N2O (Figure 30).
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Figure 30.
2018)

Associated genes and their role in nitrogen cycle, courtesy of (Oshiki et al.,

Figure 31.

Boxplots comparing the Ct values of the five N cycle genes tested
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Figure 32.
Standard Curve of Ct values and concentrations of nirS gene, average Ct
value of saline and productive samples plotted alongside standard curve

Table 7.
List of primers used for N cycle gene analysis. Primer sequences obtained
from Dr. Satoshi Ishii, University of Minnesota
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Table 8.
Nucleotide sequence of N cycling genes used in analysis; corresponding
forward and reverse primer sequences underlined. gBlock sequences obtained from
Dr. Satoshi Ishii, University of Minnesota
Target

gBlock

Comment

GACACGTTACTGGGGATTCTACTGGTGGTCACACTACCCCATCAACTTCGTAACACCGGGCATTATGCTTCCGGGT
GCGCTGATGCTGGACTTCACGCTGTATCTGACACGCAACTGGCTGGTGACGGCTCTGGTTGGAGGTGGATTCTTC
GGTCTGCTGTTCTATCCGGGTAACTGGCCGATTTTTGGACCAACCCATTTGCCAATCGTTGTAGAAGGCACATTGC
TGTCGATGGCTGATTACATGGGACATCTGTATGTTCGTACAGGTACACCCGAGTATGTTCGTCATATTGAGCAAG
GTTCACTGCGTACCTTTGGTGGTCATACCACAGTTATTGCAGCATTCTTCTCTGCGTTCGTATCAATGTTGATGTTC
ACCGTATGGTGGTATCTTGGAAAAGTTTACTGTACAGCCTTTTTCTACGTTAAAGGTAAAAGAGGTCGTATCGTA
gBlock no.22
amoA - β-proteobacteria CATCGCAATGATGTTACCGCATTCGGTGAAGAAGGCTTTCCAGAGGGGATCAAATAA

amoA - Archea

TGGACTAAATCTAATGGTCTGGCTTAGACGATGTACTCACTACTTATTCATAGTAGTAGTCGCAGTCAACTCAACTT
TGCTAACAATCAACGCAGGGGACTACATCTTCTATACTGATTGGGCCTGGACATCGTTTGTAGTATTTTCAATATCT
CAAACACTTATGCTCACTGTAGGTGCGTGTTACTATCTCACCTTCACTGGAGTTCCAGGAACCGCAACGTACTATGC
ATTAATCATGACAGTCTACACATGGATTGCAAAAGGTGCATGGTTCGCATTAGGTTACCCATATGACTTCATCGTT
ACACCAGTTTGGCTACCATCAGCAATGCTGTTGGACTTAGCGTACTGGGCAACAAAGAAGAATAAGCACTCTCTG
ATACTGTTCGGCGGAGTTTTAGTTGGAATGTCATTGCCACTATTCAACATGGTCAATTTGATCACTGTGGCTGACC
CACTAGAGACTGCATTCAAGTATCCAAGACCAACGTTACCACCATATATGACCCCGATAGAACCGCAGGTAGGTAA
ATTCTACAACAGCCCTGTTGCACTTGGTGCCGGTGCTGGAGCAGTATTAGCCTGTACATTTGCGGCTTTAGGTTGT
gBlock no.20
AAACTTACAACTTGGACATACAGATGGATGGCCGCTTGGTCAAAG

nirS

GAGGTGCGAGGACTTCGGATGGGTCTTGATGAACAGCGAGCCGCCGCCCTGGCCCTGTAGTTCGGCGACTTTCT
TCCAGGCGTACTGCGGATGGTTCTTCGGATCGGTGCCGATCAGCGAGATGCTGCCGTCGCCCAGGTGGCTGGTG
CTCCACACCGGGCCGTACTTGGGATGCACGAAGTTGGCGCCACGCCCCGGGTGCGGGGTCTTGCCGACGTCGACC
AGGGCCGACAGGCGACGGTCCTTGGAGTCGATCACGGCAACCTTGTTGGAGTTGTTGGCGGCGGTCATGAAGT
AGCGGTGGCTGCTGTCCCAGCCGCCGTCGTGGAGGAACGGCGCCGCACCGATGCTGGTGACGGTGAGGTTGTC
GATATCCTTGTAGTTGACCAGCAGGACCTTGCCGGTCTCCTTCACGTTGACGATGAACTCGGGG
gBlock no.5

nirK

TCGGGCATGGCGGGCTGCATCATGGTGCTGCCGCGCGACGGCCTGAAGGACCACGAGGGCAAGCCGGTGCGCT
ATGACACCGTCTATTACATCGGCGAGAGCGACCACTACATCCCGAAGGACGAGGACGGCACCTACATGCGCTTCTC
CGACCCGTCGGAGGGCTACGAGGACATGGTCGCGGTGATGGACACGCTGATCCCCAGCCACATCGTCTTCAACG
GCGCGGTGGGCGCCCTGACCGGCGAGGGCGCGCTGAAGGCCAAGGTGGGCGACAACGTCCTCTTCGTCCACAG
CCAGCCCAACCGCGACTCGCGCCCGCACCTCATCGGCGGACACGGCGATCTCGTCTGGGAAACCGGCAAGTTCCAC
AACGCGCCCGAGCGTGACCTCGAGACCTGGTTCATCCGCGGCGGCTCGGCCGGGGCCGCGCTCTACAAGTTCCTC
CAGCCGGGCGTCTACGCCTACGTCAACCACAACCTGATCGAGGCGGTCCACAAGGGCGCC
gBlock no.3

nosZ

CGCCTATACCACGCTGTTCATCGACAGCCAGTTGGTGAAGTGGAACCTGGCCGACGCGGTGCGCGCCTACAAGG
GCGAGAAGGTCGACTACATCCGCCAGAAACTCGACGTGCAGTACCAGCCGGGGCACAACCACGCCACCCTGTGCG
AGACCAGCGAAGCCGACGGCAAGTGGATCGTGGTGCTCAGCAAGTTCTCCAAGGACCGCTTCCTGCCCACCGGTC
CGCTGCACCCGGAGAACGACCAGTTGATCGACATTTCCGGCGAGGAAATGAAGCTGGTCCACGACGGCCCGACCT
TCGCCGAACCGCACGATTGCATCCTCGCCCGCCGCGACCAGATCAAGACCCGCAAGATCTGGGACCGCAAGGACCC
GTTCTTCGCCGAGACGGTCAAGCGCGCGGAAAAGGACGGCATCGACCTGATGAAGGACAACAAGGTCATCCGCG
AGGGCAACAAGGTCCGCGTCTACATGGTCTCGATGGCGCCCTCCTTCGGCCTCACCGAGTTCAAGGTGAAGCAGG
GCGACGAAGTCACCGTGACCATCACCAACCTCGACGAGATCGAGGACGTGACCCACGGCTTCGTCATGGTCAACC
ACGGCGTCTGCATGGAGATCAGCCCGCAACAGACCTCGTCGATCACCTTCGTCGCCGATAAGCCCGGGGTGCACT
GGTACTACTGCAGCTGGTTCTGCCACGCCCTGCACATGGAAATGTGC
gBlock no.7

Discussion
The thorough microbial analysis of root samples and bulk soil samples were taken
from both productive and saline soil gives a clear indication of several significant results.
In all the analysis combined, there were approximately 100,000 species identified that
could be responsible for promoting the growth of the plants. The first analysis comparing
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the two soil types was related to their alpha diversities. Faith's Phylogenetic Diversity
tests provided information and a comparison on the biodiversity within samples gathered
from saline soil and productive soil. The alpha diversity of root samples provided one
piece of information that was consistently acquired. This piece of information was that
the 2019 samples gathered from saline and productive soil had similar levels of alpha
diversity. The level of biodiversity was similar in both soil types, for the 16S and ITS
analysis. However, in the 2020 samples, root samples from saline soil had higher alpha
diversity than the samples gathered from productive soil for both 16S and ITS samples.
This information is important when considering the success and stress tolerance of plants
growing in saline conditions. The microbial composition could be changing to suit its
environment. The biodiversity of microorganisms within a plant’s roots is crucial to its
growth and success, especially when growing in stressful conditions through increased
resiliency (Saleem, Hu, & Jousset, 2019). This increased biodiversity gives a plant more
opportunity to associate endophytically with a species with plant growth-promoting
characteristics. The increasing biodiversity within plant roots could be a key factor in the
success of the growth in saline soil. It is hypothesized that the more diverse species are
present the more likely there could be a species present that can promote growth and
stress tolerance in the plant.
The alpha diversity of bulk soil samples provided substantially different
information than the root sample's microbiome date. In both years, the 16S or bacterial
data showed no significant difference in the level of alpha diversity between soil types.
Although this does not indicate that the taxa within the soil are identical, it does provide
information that neither one of the soil types has a significant difference in the bacterial
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diversity contained within. Contradicting the bacterial analysis, the ITS or fungal analysis
showed that there was a significant difference in biodiversity in both years. This
significant difference indicated that the productive soil had a high amount of biodiversity
compared to the saline soil in both years. The results identified in this alpha diversity
analysis bring up questions regarding the effect that a high level of biodiversity in bulk
soil has on plant growth. If a high amount of biodiversity in bulk soil was required for a
plant’s successful growth in saline soil, then the results of this analysis would contradict
that requirement. For this reason, the hypothesis is drawn that bulk soil diversity has less
effect on the successful growth of plants in saline soil, and the biodiversity of the
microbial composition of endophytes and the rhizosphere have a much larger effect on
plant's stress tolerance and growth in saline soil.
The beta-diversity of the gathered samples was analyzed using a variety of tests.
Each plot generated gave a visual indication that there are differences between the
microbial components within soil types. Jaccard plots provide information on the
similarity of the present species within the root microbiome. This information is helpful
because it gives a clear indication of the microbial composition. If there are many shared
species, the points will be closer together, the more different the composition, the farther
apart the plotted points will be. Looking at all of the figures generated (Figure 6 - Figure
14), it is evident that there is a separation of clusters between plotted points from
different soil types on each figure. Each point on the figure represents one of the analyzed
root samples or one of the bulk soil samples. The visualization confirms that the
similarities within the microbial compositions are not identical to one another, and they
are in fact, typically quite different.
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The Unweighted UniFrac plots generated provide beneficial information on the
presence and absence of species in the samples. The figures generated show that there are
some similarities between plant species microbial composition, but the plotted points or
microorganisms present are not identical and still quite dissimilar (Figure 8 & Figure 9).
The beta diversity between plant species in different soil types are similar; however, the
soil type is still a determining factor in the beta diversity and microbial composition.
These results make sense because both plant species and environment have an impact on
microbial composition (Hartmann, Frey, Mayer, Mader, & Widmer, 2015; Pascale,
Proietti, Pantelides, & Stringlis, 2020). The most similarity comes from corn and kochia
root samples. These clusters seem to be consistently close together compared to creeping
meadow foxtail and slender wheatgrass. Both UniFrac figures show a level of diversity
when comparing both the 16S or bacterial and ITS or fungal composition. These results
were consistent in both years samples were analyzed.
Regardless of what year data were from, or what type of samples, whether roots or
bulk soil, were being analyzed, the data indicates that the microbial composition is
different when comparing saline soil and productive soil. The number of shared and
unshared species within the bulk soil and root samples gathered is important to help
determine the effect that certain species may have on improving salt tolerance in plants. If
the microbial compositions were very similar, and the shared species were high
regardless of the soil type they were gathered from, that could give an indication that the
unique species within soil may not be contributing to stress tolerance.
This dissimilar composition could be the key to understanding the endophytic and
rhizospheric benefits of microorganisms in saline soil and to determining the significance
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of microorganisms in bulk soil pertaining to plant growth in abiotically stressful
conditions. The different species present in saline soil may have more plant growthpromoting properties than other root-associated species not found in saline soil. The betadiversity figures above show clear visual separation for bacterial species in samples were
collected. Figure 8 and Figure 9 show the plant species that were selected and is
separating saline soil from productive soil with a circle. These figures provide evidence
that the species found within the roots are not strictly associated with certain plants. If
certain bacterial species were only found endophytically or rhizospherically within
certain plant species, the plotted points would be grouped tightly around the same
color/plant species. It is clear from the plots that the diversity within the microbiome is
specific to the soil type the samples were gathered from.
The results of the beta-diversity analysis are important for understanding the
differences between the microbial and endophytic composition of plant root samples
gathered from saline and productive soil. Although this analysis does not identify specific
samples that have a positive impact on plant growth and stress tolerance, it does provide
important knowledge regarding the differences in composition. The effect of betadiversity needs to be further analyzed to fully understand; however, confirming the
difference in beta-diversity is a step in the correct direction for future research.
The taxonomic analysis of root samples and bulk soil provided a significant amount
of information regarding the microbial composition of the root-associated microbes
contained within the roots and the microorganisms present within the bulk soil samples.
Understanding the taxonomy of the root-associated microbes and the microorganisms
within bulk soil is crucial to understanding the positive effects the microorganisms can
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have on stress tolerance and growth. Each analysis, from both years, resulted in the
identification of substantially more bacterial species than fungal species. This does not
necessarily mean that bacterial species are more important in regard to increasing salt
stress tolerance or survival rates, but it does prove that a larger percentage of the
microorganisms found within plant roots are bacteria. In the root samples gathered in
2020, there were over 50,000 bacterial species identified, comparatively, there were
under 10,000 fungal species identified. This increased number of bacterial species within
the soil does not have a large impact on this experiment unless there is some level of
significant difference between the samples taken from saline soil and productive soil.
The ANCOM analysis done proves that there is not only a significant difference in
species, but there are more significantly different species identified in samples taken from
saline soil. The ANCOM figures above show that there is a higher concentration of points
on one side, which indicates an increased number of significantly different species. In
almost all of the ANCOM figures, it is clear that the samples from saline soil have a
greater number of significant species, represented by plotted points, than samples from
productive soil. This is not always the case, primarily in the ITS figures. The reason for
this is unknown but it could be due to the lower number of fungal species found in the
collected samples. This reduced number of samples would alter the requirements to be
deemed a significant species. The lower sample size in the ANCOM is likely the reason
for the decreased number of significant fungal taxa identified in this analysis. The
bioinformatic ANCOM provides the identity of all significant species identified. Table 3
and Table 4 contain the identities of the bacterial and fungal species from saline soil
considered to be differentially abundant and significant. The number of species from
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productive soil was significantly lower in each analysis, indicating there are more
differentially abundant species present in saline soils. The tables containing the
significant species provide an excellent starting ground for future research attempting to
eliminate salt stress and promote plant growth. The ITS analysis showed decreases in the
amount of differentially abundant pathogenic ascomycete fungi. This could be an
indication that the microbiome health is being increased through phytoremediation. The
differentially abundant 16S bacterial taxa identified include a number of halophile species
which is to be expected; however, there are also taxa identified to promote growth in
abiotic stress such as Halomonas and Sphingomonas (Desale, Patel, Singh, Malhotra, &
Nawani, 2014; Luo et al., 2019). The differentially abundant taxa present could be the
key components making up the root-associated microorganisms that provide stress
tolerance to these plants growing in saline soil. The other taxa identified will have to be
further analyzed in order to determine their true effects on the plants used in this study.
From this analysis alone, there is no way to determine which of the significantly different
species are responsible for the successful growth. Whether one species has a large effect,
or it is the full compositional makeup that increases salt stress tolerance cannot be
determined from this experiment.
The CCA plots generated (Figure 19 - Figure 22) provide helpful information in
understanding the microorganisms present within the bulk soil and their associations to
the characteristics of saline soil. Some of the 16S and ITS taxa identified are known to
have plant growth promoting capabilities. This supports the claim that there are certain
taxa within the saline soil that have the ability to help plants grow successfully and
increase their salinity stress tolerance. The exact mechanisms behind the benefits of the
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identified bacterial and fungal taxa are unknown; however, future studies can be done to
identify how these saline-associated taxa are benefiting the soil and improving the overall
health of the soil.
This experiment is very helpful in understanding the diversity and taxonomic
makeup of the endophytes and rhizosphere microbes gathered in different soil types.
Similar studies have shown that the microbial composition of bacteria is significantly
different in saline soil, and endophytic isolates were able to promote plant growth
through the production of beneficial hormones and chemicals (Yaish, Al-Lawati, Jana,
Patankar, & Glick, 2016). Understanding the taxonomic composition and proving the
significance between the microbial diversity is important information to know when
conducting future research. This information can be used to provide a pathway to the
isolation and culture of endophytic species found within the roots of plants successfully
growing in saline soil.
The completion of the metabolomic analysis provides helpful information
associated with the microbiome data analyzed. After analyzing the data provided by the
GC-MS run, it is evident that there are differences in the amount of specific metabolites
found within plants grown in different soil types. The increase and decrease of
metabolites result in the regulation of chemical and metabolic pathways of plants. These
pathways have the ability to control and strengthen the stress response in plants, in this
situation salinity stress specifically (Parida & Das, 2005). This could be an explanation of
the reason why certain plants can successfully grow in adverse conditions such as highly
saline soil. The moderation and regulation of the plant's chemical pathways enable a plant
to withstand environmental abiotic stress and flourish (Tuteja, 2008). The endophytes
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within plant roots and root-associated microbes can produce beneficial hormones and
other chemicals and it is hypothesized that they are contributing to the abundance of
metabolites within plant roots. The one significantly different metabolite identified is
likely to have more significance if the sample size analyzed was higher. Unfortunately,
due to the lack of initial samples collected, as well as complications throughout the
derivatization process, only three replications of each sample were analyzed. It is
hypothesized that with further analysis and more replications of plant samples, the
number of significant differences in the metabolites identified would be extremely
diverse. The metabolite pantothenate that was found to differ between saline and
productive soil is likely involved in the stress response of the plant. Pantothenate is
known to be decreased in plants exposed to stress (Hanson et al., 2016) Pantothenate is
the precursor and first step in the Coenzyme A biosynthetic pathway (Raman &
Rathinasabapathi, 2004). The decrease in pantothenate could lead to the decrease in
Coenzyme A which is a factor in the krebs cycle. The decreased pantothenate could result
in a reduction of energy available to the plant, which could limit or inhibit growth.
Understanding the response of plants in relation to stress and the results of the experiment
are useful for future research.
Future replication of this experiment with an increased number of replications
would heavily increase the potential findings of the study. It is hypothesized that there are
many significantly increased or decreased chemicals and metabolites that could be
discovered with further research in this area. Metabolites such as proline and jasmonic
acid, have been shown to increase in high salinity conditions (Ramakrishna &
Ravishankar, 2011). Proline can stabilize a cell without limiting cell functions
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(Rajendrakumar et al., 1994) and increased levels of jasmonic acid can reduce the uptake
of sodium ions (A. N. Shahzad et al., 2015). Although neither of these metabolites was
found in this study, numerous future discoveries can be made regarding the effect of
metabolomic regulation within plants based on the stress they are exposed to. Research
has been done using a GC-MS that shows an increase of gibberellins during the
germination of Arabidopsis (Ogawa et al., 2003). Studies such as this confirm the ability
to monitor changes in hormones important to growth pathways. Using a GC-MS to
measure metabolite regulation is important for understanding the chemical regulation of
plants in different stages.
The primary results of this experiment indicate that stress response causes the
increase and decrease of metabolites within plants. The specific pathways and
metabolites must be further analyzed to determine the specific effect they have on a
plant’s metabolism. The number of important metabolic pathways is extensive within a
plant, and the possibility to locate key factors in stress tolerance using this method
possible with continued research. One of the most promising results of this experiment
was the successful replication of the procedure. The experimental design was refined in a
way that makes it easily repeatable. This allows for an accessible continuation of this
research. The results of this experiment and similar future experiments will have an
impactful effect on the understanding of stress and metabolic pathway interaction.
The results of the inoculation experiment are promising for future uses of isolated
bacterial and fungal endophytes and root-associated microbes as inoculants to improve
stress tolerance in plants. Both SMF23 and SMF27 increased the germination of the
buckwheat seeds tested. The concentration of NaCl was extremely effective in disrupting
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the growth of the control seeds. With such a low percentage of roots emerging from the
seeds, it is obvious that the concentration of NaCl was detrimental to the future growth of
the plant. Both bacterial isolates improved the germination percentage of seeds
challenged with the same concentration of NaCl solution. The effectiveness of the
treatment is very promising for the future of this study and the possibility of these
isolates. Although SMF27 was not able to be identified, based on the results of the
Sanger sequencing, SMF23 is likely a species of Bacillus. Bacillus is a rod-shaped grampositive genus of bacteria. Various species of Bacillus have been shown to increase plant
growth and reduce salt stress in various plant species (Ashraf et al., 2004; Gururani et al.,
2013; Zhang et al., 2008). The next steps of this experiment would be to understand the
specific reasoning behind this improved germination and also how effective these isolates
work when the seeds are planted in soil and growth is monitored.
The reason behind why these inoculants improved the germination of the
buckwheat is unknown, but there are many possibilities as to what could be responsible
for their plant growth-promoting properties microorganisms can produce or degrade
major hormones responsible for the development and growth of plants (Dodd, Zinovkina,
Safronova, & Belimov, 2010). Species of Bacillus have been shown to increase stress
tolerance by regulating high-affinity potassium transporters (Zhang et al., 2008). These
high-affinity potassium transporter genes are responsible for the mediation of sodium in
various plants (Platten et al., 2006). The mediation of sodium uptake is important to
ensure that there is enough potassium to bind to specific proteins. Potassium is a key
activator for many enzymes; however, sodium can bind to these enzymes also, without
the ability to activate them, acting as an inhibitor (Bhandal & Malik, 1988). If there is too
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much sodium in the plant and not enough potassium to activate important enzymes, cell
function could be severely inhibited. If the species of Bacillus isolated from the saline
root sample has the same effect on high-affinity potassium transporters, this could explain
why the stress tolerance improved.
Another study proved that plants inoculated with Bacillus improved growth in
stressful saline soil conditions. The proposed method of stress tolerance involved a higher
reactive oxygen species scavenging enzymes in the plants inoculated with Bacillus.
Levels of hydrogen peroxide, which is a reactive oxygen species, were significantly
lower in plants that had been inoculated with Bacillus (Gururani et al., 2013). The
reactive oxygen scavenging enzyme that increased in this experiment was proline. Proline
is an osmolyte. Osmolytes are responsible for stabilizing osmotic differences in the cell
and preventing the production of reactive oxygen species (Sharma et al., 2019). Proline
has the ability to act as a molecular chaperone to ensure protein integrity and enhances
the activities of enzymes under abiotic stress (Rajendrakumar, Suryanarayana, & Reddy,
1997). Proline can stabilize proteins, lipid membranes, and organelles in plants currently
undergoing severe salt stress, without the inhibition of cell function (Rajendrakumar et
al., 1994). The improved plant growth and bacterial species are not limited to single
experiments. There are multiple examples of bacteria increasing proline levels in plants.
Inoculation with Rhizobium and Pseudomonas have been shown to increase levels of
proline under salt stress compared to a control (Bano & Fatima, 2009). The basis behind
the increased salt tolerance in plants is not only related to osmolytes and sodium
mediating genes. Different plant hormones have profound effects on the growth and
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regulation of plants, if microorganisms have the potential to promote growth through the
production of hormones, salt stress can be reduced or bypassed (Ryu & Cho, 2015).
One of the possibilities that could be causing the increased germination in this
experiment is the production of gibberellins or gibberellic acid by the bacteria. This is a
naturally occurring hormone in plants that is responsible for the promotion of growth and
germination in plants (Sgroy et al., 2009). Gibberellic acid counteracts abscisic acid,
which inhibits endosperm rupture, and promotes the germination of seeds (Finch-Savage
& Leubner-Metzger, 2006). If the bacterial inoculant coating the seed has the ability to
produce excess gibberellic acid, it may provide the seed with enough stimulation to
overcome the stressful environment and start the germination process. This hypothesis
could be tested by performing a comparative experiment using the bacterial isolates and
gibberellic acid. If the seeds treated with gibberellic acid have similar germination results
and percentages, it would give an indication that the inoculant is increasing the amount of
gibberellic acid naturally produced. Further testing would need to be done to confirm
these results. The mechanism behind the increased salt tolerance of plants inoculated with
the species of Bacillus is more easily identifiable. The SMF27 isolate that is unidentified
creates even more possibilities for the plant growth-promoting mechanism. Through
numerous experiments and thorough analysis, this mechanism can be discovered. The
genome sequencing results of the isolated bacterial species will provide beneficial
knowledge regarding the mechanism of plant growth promoting properties of the
inoculants.
Regardless of the mechanism behind the effect of the isolate inoculants, the
results alone were very promising for the future use of these bacterial isolates as
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inoculants. This study proves that endophytic and rhizospheric microorganisms that
alleviate salt stress in some ways are present in the roots of plants growing in saline soil
and can be cultured. Understanding this information is important on the pathway to
proving that the microbial composition of plant roots grown in saline soil has the ability
to improve growth and stress tolerance in saline soil. Northern Great Plains are prone to
saline soil environments, if there is no way to eliminate the salt within the soil it is
important to find ways to combat this stress. The use of isolated root-associated microbes
and endophytes as inoculants may be the key to making more soil in the Northern Great
Plains a viable area for growth. Doing so could have profound effects on many aspects of
the environment and agricultural community.
The nitrogen cycling gene analysis provided informative insight into the makeup
of the saline soil samples analyzed. The significance of the ~42-fold difference in the nirS
gene present in saline soil is an extremely important factor pertaining to environmental
health and atmospheric pollution. nirS is a denitrification gene, which is responsible for
the reduction of both nitrate and nitrite to nitrous oxide and nitrogen (Wrage, Velthof,
van Beusichem, & Oenema, 2001). If the significantly higher amounts of nirS genes
present in saline soil present the possibility of increased production of N2O, steps will
need to be made to reduce this production. Nitrous oxide is said to be the most important
ozone-depleting emission (Ravishankara, Daniel, & Portmann, 2009). The depletion of
the ozone layer results an impact on global warming, which can increase the salinity
levels in soil (Mukhopadhyay et al., 2021). Increasing the levels of this harmful gas in the
environment is something that should be avoided at all costs. The reason for the increase
in the nirS gene present in saline soil was not determined by this experiment; however, it
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is known that saline soil is shown to increase the production of N2O (Douglas J. Fiedler,
Unpublished; Y. W. Li et al., 2020).
In order to reduce the N2O production caused by saline soil, steps need to be
taken. The genes responsible for the reduction of N2O are called nitrous oxide reductases,
which are the nosZ gene tested in this experiment. Microorganisms with the nosZ gene
have been shown to have the ability to reduce N2O production (Cavigelli & Robertson,
2001). An increase in presence of these genes would correlate to a decrease in N2O
production which would likely benefit environmental conditions immensely. The results
of this experiment show that the samples collected from productive soil have a similar
presence of nosZ genes, compared to the samples gathered from saline soil. A Welch two
sample T-test indicates no significant difference in Ct values (P=0.3). This similarity
would not matter as much if the level of nirS present in the samples was the same. Due to
the fact that saline soils contain a significantly higher number of denitrifying genes which
are responsible for the production of N2O, the amount of nitrous oxide reductase or nosZ
genes present would need to be significantly higher to counteract the negative effects.
Specific microorganisms containing the nosZ gene have the ability to reduce
available N2O (Usyskin-Tonne, Hadar, & Minz, 2019). If species containing this gene
were isolated and seeds to be planted in saline soil were inoculated with the respective
isolate, the level of nosZ present within the soil should drastically increase. Studies have
shown that inoculation with bacterial species containing the nosZ gene have been shown
to reduce N2O emissions (Akiyama et al., 2016). If these inoculated species containing
nosZ were able to establish themselves within the soil, the levels of N2O produced in
saline soil may be reduced. Studies have shown that plants with higher acquisitive
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strategies have the ability to reduce N2O emissions when there is excess nitrogen present
in the soil (Abalos, van Groenigen, & De Deyn, 2018). Higher acquisition strategies
revolve around a plant's ability to acquire resources, in this case, nitrogen. If a plant with
a high nitrogen acquisition was to be inoculated with a microorganism containing the
nitrous oxide reductase gene nosZ, it is hypothesized that the levels of N2O produced
within that area of saline soil would be reduced. The use of these techniques shows great
potential in the reduction of N2O production and the restoration of a healthy nitrogen
cycle in areas where saline soil increases the production of harmful greenhouse gasses.

3 Conclusions and Recommendations for the Future
Saline soil is a detrimental abiotic stressor of plants that are not going to go away
without serious intervention. The amount of saline soil present in viable land is
increasing, and the current methods of controlling soil salinity are ineffective. This makes
the need for a new and effective method of increasing plant salt tolerance crucial to
ensure the agricultural community will survive in the Northern Great Plains.
This thesis documents a variety of experiments related to the metabolomic and
microbial composition of plants in saline soil, the positive effects of isolated species as
inoculants, as well as the negative effects of saline soil on air quality and environment.
The first experiment identifies a substantial amount of information on the microbial
composition of plant root and bulk soil samples gathered from saline and productive soil.
This information reveals the significant difference between present taxa in both root and
bulk soil samples. The significant taxa are both fungal and bacterial and could be the key
to identifying microorganisms that provide plant growth-promoting factors to plants
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growing in saline soil. The significantly different taxa can be used to develop inoculants
that have the potential to enhance the growth of plants challenged with high levels of
salinity. This microbiome analysis will serve the scientific and agricultural community
well as significant future discoveries can be made from the information provided in this
analysis.
The second experiment identifies a way to effectively determine the difference in
the regulation of plant root metabolites, as well as identifies metabolite found within
samples. The identified metabolites prove that this experiment can be an effective way to
study the effects of saline soil on metabolic pathways. This study can be repeated with
new samples in future experiments to identify key changes in metabolic pathways caused
by plant origin and stresses.
The third experiment done provides proof of concept for the proposed
methodologies in this thesis. Using isolated bacteria from a plant gathered from saline
soil, seeds were inoculated and challenged with NaCl solution. Two of the bacterial
species provided seeds with significantly improved germination percent compared to the
control. The next step for this experiment would be to identify the exact species of
bacteria that are effective and determine their mechanism for increasing salt tolerance.
The last experiment provided insight on the potential dangers of saline soil related
to the environment, specifically air quality. This experiment provides evidence that
specific genes responsible for releasing dangerous greenhouse gasses into the
environment are significantly increased in saline soil. If this issue regarding saline soil is
not addressed, there could be serious environmental and atmospheric repercussions.
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Reducing the amount of saline soil in the Northern Great Plains will have immense
benefits to agriculture, the environment, and the populations within.
Further experiments should be done based on the results provided. Further review
and experimentation of the significantly different species identified in the microbiome
analysis may provide new information regarding their use to promote stress tolerance.
The identification of the mechanisms in which the isolated bacteria increase stress
tolerance would allow for more effective inoculant usage. Using the information provided
as a starting point, discoveries and agricultural products can be made that have the
potential to completely remediate salt stress within the Northern Great Plains.
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